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SUMMARY

1. The bioelectrical properties of Purkinje cells were analysed in sagittal slices of
adult rat cerebellum by the use of intracellular recordings performed at a somatic
level in current or in voltage clamp.

2. The passive electrical constants of Purkinje cells were determined by measuring
the time course and the amplitude of the voltage responses induced by hyperpolar-
izing current pulses. The mean value of input resistance was 21+1 MCI. Mean
values ofthe membrane time constant and ofthe total electrotonic length of Purkinje
cells were 19-5 + 1P7 ms and 0-59 + 0-01 ms respectively.

3. A time dependent inward rectification was present in all cells. In current-clamp
experiments it appeared as a sag in hyperpolarizing voltage responses which were
followed by well developed anodal breaks.

4. In voltage-clamped cells, the inward relaxation induced by hyperpolarizing
commands fitted to a single exponential. It was already present near resting potential
and could reach an amplitude of up to 4 nA for jumps near to - 120 mV. This
relaxation was provisionally termed 'h. Tail current relaxations also fitted to a single
exponential when they were recorded in the presence of tetrodotoxin (TTX) and of
Co.

5. The inward relaxation induced by hyperpolarizing commands was readily
blocked by Cs, whereas it was unaffected when Ba replaced Ca in the bath, except
near rest where it was strongly reduced.

6. The Ca channel blockers Cd, Co and D600 also markedly depressed or even
suppressed the inward rectification near resting potential, and up to about -85 mV,
whereas this blocking effect was much less apparent or even absent at more negative
potentials.

7. Ih was clearly enhanced when the external K concentration was raised up to
20 mM.

8. In the presence of TTX and Co in the bath, inward relaxations induced by
hyperpolarizing jumps were unaffected in Na-free solution, whereas the amplitude
of tail currents was reduced. Furthermore, the reversal potential of Ih which ranged
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between -45 and -56 mV in the Co plus TTX containing solution, shifted toward
more negative values in the Na-free medium.

9. In contrast, Ih remained unchanged in low Cl solution.
10. From these experiments, it is likely that K and Na are the main charge carriers

of Ih. Furthermore, this current seems to be contaminated near resting potential by
a Ca-dependent K current.

11. Anodal breaks following hyperpolarizing commands were slightly attenuated
when Cd or TTX were added to the bath. In contrast they were markedly attenuated
or totally abolished under TTX plus Cd. On the other hand, they were markedly
enhanced by Ba. They appear therefore to be due at least in part to both Na and
low threshold Ca currents de-inactivated by previous hyperpolarization of the cells.

INTRODUCTION

It is now well established that mammalian neurones display a rather large
repertoire of ionic conductances, which underlies their specific bioelectrical properties
(see Adams, 1982). Thus, cerebellar Purkinje cells, besides conductances responsible
for the fast action potentials, exhibit a high threshold Ca conductance and a
non-inactivating Ca conductance in their dendrites, as well as a non-inactivating Na
conductance in their soma (Llinas & Sugimori, 1980a, b; Crepel, Dupont & Gardette,
1984).
In vitro studies have also shown that Purkinje cells exhibit a well developed inward

rectification below resting potential (Llinas and Sugimori, 1980 a, b; Crepel et al. 1984),
the ionic basis of which was not investigated. It is known that in other neurones, as
in striated muscles, heart cells and fish eggs, several types of inward rectifications
have been described. Thus, at hyperpolarized levels of membrane potential, the
instantaneous anomalous rectification primarily described in striated muscles by
Katz (1949) as well as the time-dependent inward rectifications of marine fish eggs
and olfactory cortex neurones are due to a pure K current (Constanti & Galvan, 1983;
ref. in Hagiwara, 1983). In contrast, other types of inward rectifiers like Ih in spinal
sensory ganglion neurones and rods, IQ in hippocampal pyramidal cells, and Ih-4-1k2
current in heart cells are both Na and K dependent (Attwell & Wilson, 1980; Di
Francesco, 1981 a, b; Halliwell & Adams, 1982; Mayer & Westbrook, 1983; Bader &
Bertrand, 1984). In Aplysia neurones, a Cl conductance activated by hyperpolarization
of the cells also contributes to this rectification (Chesnoy-Marchais, 1983).
We have therefore analysed the ionic basis of the rectifying properties of Purkinje

cells by the use of an in vitro slice preparation. A preliminary account of this work
was previously published (Crepel & Penit-Soria, 1984).

METHODS

Experiments were carried out in sagittal (400 ,um thick) cerebellar slices of adult Wistar rats
maintained in vitro. The methods used for preparing the slices and the recording chamber were the
same as previously described (Crepel, Dhanjal & Garthwaite, 1981). The composition of the bathing
solutions is given in Table 1. They were continuously gassed with a mixture of 02 (95 %) and CO2
(5 %) and maintained at 35 'C. Intracellular recordings of Purkinje cells were made at a somatic
level, under direct visualization ofthe cortical layers, with glass micro-electrodes filled with 3 M-KCl
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(40-70 Me). Cells were either recorded under current clamp or they were voltage clamped by using
a Wilson-Goldner switch clamp circuit (Wilson & Goldner, 1975) (Dagan 8100). In the current-clamp
mode, currents were injected into the cells through the recording micro-electrode via a bridge
circuit. In normal bathing medium, most cells exhibited a spontaneous firing of simple spikes at
their resting potential (-61 + 0-6 mV; n = 23) which would have made difficult the construction
of current-voltage (I-V) plots (see Results). Therefore, they were maintained at -65 mV (i.e.
below the firing threshold of these spikes) by passing a steady negative current through the
micro-electrode when responses to depolarizing or hyperpolarizing current pulses were analysed
(see Results). Furthermore, when manipulations of the composition of the bath led to a depolariz-
ation of the cells, the holding current was adjusted to bring back the transmembrane potential
to -65 mV before studying I- V relationships of the neurones in these modified bathing mediums.
In the single electrode voltage-clamp mode, the procedure used to clamp the cells was the same
as previously described by Galvan & Adams (1982) and by Halliwell & Adams (1982). The switching

TABLE 1. Composition of the perfusing solutions (mM)
Ca-free Ca- and Na-free

Standard
Krebs Cd Co Ba Choline Tris-HCl

NaCl 124 130 130 130
KCl 5 6-20 6-20 6-20 6-20 6-20
KH2PO4 1.15 _
MgSO4 1-15
MgCl2 1.10 1.10 1.10 1.10 1.10
CaCl2 2-50
BaCl2 - 2-50
CdCl2 1 -
CoCl2 2
Tris-HCl pH 7-4 25 25 25 25 130
Choline - 130
NaHCO3 25
Glucose 10 10 10 10 10 10

frequency was 3-5 kHz with a duty cycle of 25 or 50 % and the maximum gain which could be
achieved was 2000 to 3500, depending on electrical properties of the micro-electrodes. Since in these
conditions, simple spikes and Ca spikes (Llinas & Sugimori, 1980a, b) could not be adequately
clamped, the holding potential was maintained at -60 or -65 mV, depending on experiments,
i.e. below the firing level of the cells. Even so, many cells were not perfectly voltage clamped as
small sags or overshoots were seen in the voltage records when hyperpolarizing commands were
applied, probably because the gain was still lower then the value required to ensure an adequate
voltage clamp. Furthermore, the rather long membrane time constant of Purkinje cells and their
rather short electrotonic length (see Results) prevented cells to be isopotential, especially during
the 30-50 ms which followed the voltage step as already shown by Johnston & Brown (1983) on
hippocampal neurones. However, this did not seem to grossly distort the current relaxations we
were interested in, as their time course was much slower. In particular, they appeared monotonic
in most cells (see Results), which allowed us to extrapolate them back to zero time, to reach an
estimate of the instantaneous I-V relationship. These extrapolations, as well as I-V plots,
determination ofmembrane time constant and electrotonic length of Purkinje cells were performed
on line on a Goupil 3 microcomputer, following procedures described in the Results with a sampling
frequency of 1 or 5 kHz. Data were also stored on tape for further analysis (5 kHz band width).

RESULTS

Cable properties of Purkinje cells
The passive electrical constants of Purkinje cells were determined, in the current-

clamp mode, by measuring the transmembrane voltage changes elicited by prolonged
1-2
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Fig. 1. Responses of Purkinje cells to depolarizing and hyperpolarizing current pulses
in the current-clamp mode. A, transmembrane voltage changes (upper traces) induced by
the current pulses shown in the lower trace. B, semilog plot of the slope of the voltage
transient (d V/dT) versus time after onset of a hyperpolarizing current step of 0 4 nA for
the same cell as in A. The straight line was obtained as explained in the results by applying
the least square criterion. The membrane time constant (Tm), the first equalizing time
constant (T,), and the electrotonic length of this Purkinje cell were 20 ms, 0-6 ms and
0 55 ms respectively. Only one point out of every five has been drawn on the semilog plot.
C, same experiments as in A in another cell. D, current-voltage (I-V) plots of the cell
illustrated in C. In this and in Fig. 5 the curve with filled circles and continuous line
represents the I-V plot taken at the time indicated by 1 in A and C, whereas the curve
with open circles and dotted line was taken at the steady state (2 in A and C).

hyperpolarizing current pulses applied through the recording micro-electrode
(Fig. 1). The influence of the inward rectification of these cells (see next section) on
measurements of their input resistances was minimized by determining them from
the slope of the initial portion of the I-V plots produced by small current pulses of
less than 0 4 nA, at a time indicated by 1 in Fig. 1 A and C, i.e. near the end of the
initial transients (see below). In the nineteen cells tested, the mean input resistance
was 21 MC (S.E. of mean = 1; range: 12-30 MQ).

Similarly, membrane time constants and electrotonic lengths of Purkinje cells were
obtained by analysing the time course of the voltage transients produced by current
pulses of less than 0 4 nA. Between 5 and 30-40 ms after the onset of the current step,
the slope of the voltage transient (d V/dT) versus time closely fitted a single
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exponential (Fig. 1 B), the time constant of which is considered as representing the
membrane time constant T, according to Rall's model (Rall, 1969). At earlier times
the experimental points deviated markedly from this extrapolated exponential, and
the difference between the two curves also fitted a single exponential, the time
constant of which is the first equalizing time constant r1 that governs equalization
of the membrane potential over the length of the processes (Rall, 1969). These two
parameters allowed us to calculate for each cell the total electrotonic length L for
a theoretical equivalent cylinder, with L = (r/r1-1) - (Rall, 1969). Thus, in
standard Ringer solution, mean values of r and of L (n = 14) were 19-5 ms (S.E. of
mean = 1-7; range: 13-26 ms) and 059 (S.E. of mean = 0'01; range: 0-50-0-82 ms)
respectively.
These values were clearly greater and smaller respectively than those determined

in Purkinje cells in previous in vivo experiments (Crepel & Delhaye-Bouchaud, 1979),
probably because cells recorded in vivo were more depolarized on the average than
those studied here. In the present experiments, the inward rectification induced by
hyperpolarization of the cells and which was already present near resting potential
(see next section) might have contributed to increase the speed ofthe transmembrane
voltage changes induced by hyperpolarizing current pulses and thus led to a
shortening of T. Since Ca-channel blockers markedly attenuated the rectification near
resting potential (see next section), X and L were determined in five cells bathed with
a Ca-free medium containing 1 mM-Cd. Mean values of T and of L (17-4+1-4 and
0-62+ 0-06 ms respectively) were not significantly different from those in standard
medium which suggests that measurements of the passive electrical constants of
Purkinje cells were minimally affected by the inward rectification near rest in
standard medium.

Inward rectification of Purrkinje cells
Current-clamp experiments. When prolonged hyperpolarizing current pulses were

applied to the cells (n = 23) through the recording micro-electrodes, a well developed
time-dependent inward rectification appeared in the voltage records as a sag in the
transmembrane potential changes (Fig. 1A and C). In most cells, this sag started
50-70 ms after the onset of the current pulse. Current-voltage plots derived from
these records allowed us to reach an estimate of the magnitude of this inward
rectification when comparing I-V curves obtained at the peak of the hyperpolarizing
responses and at the steady state, near the end of the pulse (times indicated 1 and
2 respectively in Fig. 1 A and C). Thus, in most cells, this inward rectification was
already present near resting potential, and still persisted in hyperpolarizing responses
of more than 60 mV, thus at levels of membrane potential near to -120 mY
(Fig. ID).
At depolarized levels of membrane potential, subthreshold to firing level, a slow

depolarization of the neurones occurred when prolonged depolarizing currents were
injected through the micro-electrode (Fig. 1A and C). It also appeared in the I-V
plots as a divergence between the curves obtained 50-70 ms after onset of the current
pulse and near its end respectively (Fig. 1 D). Although the ionic basis of this slow
depolarization was not investigated in the present experiments, it is likely that it was
mainly due to the slow Na current previously described in Purkinje cells (Llinas &

5



F. CREPEL AND J. PENIT-SORIA

A

X - - ~~~~E14
0Co4

-65 mV _
_- 100 ms

B

10

I-

c

_ 1

0.1
0

-112 mV
r = 52 ms

c

-65 mV a

D

0

I-

:
C
IS: -2

-4

_ _ _

v .100 m

-105
(mV)

-85 -65

100
(Ms)

Fig. 2. Responses of a Purkinje cell to hyperpolarizing voltage jumps in the voltage-clamp
mode. A, current relaxations (upper traces) induced by the voltage commands shown in
the lower trace. Holding potential: -65 mV (full explanation in text). B, semilog plots
of the 'on' relaxation versus time induced by hyperpolarizing jumps from -65 to
-112 mV (continuous line and filled circles), and from -65 to -83 mV (dotted line and
open circles). Each point on the two curves represents the difference between the
steady-state current, I., and the current at any given time after onset of the voltage
jump, It. The two straight lines were obtained by applying the least square criterion
to the corresponding data points. Their intercept with zero time gives the amplitude of
the two 'on' relaxations. The time constants, r, of the relaxations were 86 ms and 52 ms
for jumps to -83 mV and -112 mV respectively. C, high gain recording of the current
relaxations (upper traces) induced by the voltage jumps shown in the lower trace. Holding
potential, -65 mV. Note that 'on' and 'off' relaxations were already induced by
hyperpolarizing commands as small as 4 mV. Ten sweeps were averaged for each trace
in A and C. D, current-voltage relationship of the 'on' relaxation for this neurone. Current
values represent the difference between the instantaneous (Iins) and the steady-state (IS)
currents.

Sugimori, 1980a, b; Crepel et al. 1984) since it persisted in a Ca-free medium
containing 1 mm of the Ca blocker Cd (see Fig. 5A and B).

Finally, well developed anodal breaks followed hyperpolarizing responses in most
cells (Fig. I A and C).

Voltage-clamp experiments. In the sixty-six successfully voltage-clamped Purkinje
cells, jumps from the holding potential of -65 mV to more negative potentials always
elicited a well developed time and voltage dependent inward relaxation ('on'
relaxation) following the initial transients (Fig. 2A).

6
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In most cells, this 'on' relaxation was quite monotonic, i.e. the difference between
the current value at the steady state (I.S) and that at any other time (It) fitted to
a single exponential (Fig. 2B), the extrapolation of which at zero time allowed us
to determine the instantaneous current value (Iins) Furthermore, the time constant
(r) of the 'on' relaxation was faster for large hyperpolarizing jumps than for smaller
ones. For instance, in the cell illustrated in Fig. 2, r was 86 ms for a voltage step from
-65 to -83 mV, whereas it was only 52 ms for a jump to -112 mV. Very similar
values were obtained in the other tested cells, i.e. the time constant of the 'on'
relaxation was generally 3-4 times longer than the membrane time constant for any
given cell, depending on the magnitude of the voltage jump. In the other neurones,
the 'on' relaxation poorly fitted a single exponential. In this case, the current value
at the end of the initial transients was taken as a crude estimate of Iin'

In all cells, direct examination of the records (Fig. 2C) as well as the comparison
of the instantaneous and steady-state I-V curves (Fig. 3C) showed that the inward
rectification was already present near -65 mV and increased to reach values of 0-8
to 4 nA depending on cells, for jumps to about - 120 mV (Fig. 2D).
For convenience, the current responsible for this 'on ' relaxation will be provisionally

termed Ih in the following sections.
'Off' relaxations were not analysed in standard Ringer, especially because they

were likely to be contaminated by the currents responsible for the anodal breaks
following hyperpolarizing commands (see last section). When this complication was
avoided by adding 5 x 10-6 M-TTX and substituting Ca by 2-5 mM-Co in the bath, 'off'
relaxations also fitted to a single exponential, the time constant of which was
generally different from that of the 'on' relaxation. Under these circumstances,
extrapolation of the 'on' and 'off' relaxations back to their times of onset showed
that the ohmic step at the onset of the voltage jump was smaller than at its end
(Fig. 9). This indicated that the 'on' relaxation is likely to be due to a time- and
voltage-dependent inward current activated by hyperpolarization of the cells, rather
than due to the closure of M channels (Brown & Adams, 1980; Halliwell & Adams,
1982). However, this conclusion might not hold for small voltage jumps in standard
medium (see Discussion).

Ionic basis of the inward rectification
Effect of Cs. Since in striated muscles (Gay & Stanfield, 1977), heart cells (Di

Francesco, 1981 a, b, 1982), fish eggs (ref. in Hagiwara, 1983), and nerve cells
(Halliwell & Adams, 1982; Constanti & Galvan, 1983; Mayer & Westbrook, 1983;
Bader & Bertrand, 1984), the inward rectification at hyperpolarized levels of
membrane potential is blocked by Cs, we tested the effect of this impermeant ion on
]h in eight voltage-clamped Purkinje cells.

In the typical experiment illustrated in Fig. 3, the 'on' relaxation was nearly
completely abolished for any hyperpolarizing jump tested when 10 mM-Cs was added
to the bath. In contrast, tail currents were still present, although they were markedly
attenuated. Therefore, they are certainly the inward currents responsible for the
anodal breaks (see last section). Very similar results are obtained in the seven other
cells.

In the cell illustrated in Fig. 3, and in five other cells, Cs also decreased the slope

7



F. CREPEL AND J. PENIT-SORIA

A
Con.

aU

IE
coar

-65mV -_

= ~~~lOOms

C

01

-2

-4

(mV)
-105 -85 -65

Con.

Br
Cs, .;':.__~~~~~~~~~~~~.

-~ ~~~~D ;;a=-
:>
,.I

E|<
65 mV

- 00 ms

Cs' --

-105 -85
(mV)

-65

Fig. 3. Effects of Cs on the inward relaxation of a Purkinje cell under voltage clamp. A,
control (Con.) responses to various voltage commands in standard Ringer solution. B, idem
as in A under 10 mM-Cs+ in the bath. C, current-voltage relationships of the 'on'
relaxation of this neurone in standard solution (left graph) and under Cs (right graph).
In this and in Figs. 4, 6, 7 and 11, the curves with filled circles and continuous lines
represent the instantaneous current-voltage plots computed by extrapolating the 'on'
relaxations back to zero time (full explanation in the text), and the curves with open circles
and dotted line represent the steady-state current-voltage relationships. Ten sweeps were

averaged for each trace in A and B.

of the instantaneous I-V curves. As previously discussed (Hagiwara, Miyazaki &
Rosenthal, 1976; Halliwell & Adams, 1982; Mayer & Westbrook, 1983), the effect of
Cs on the instantaneous current might be due to the fact that a fraction of the
channels responsible for the inward rectification were already opened at rest in these
cells. This hypothesis might also explain the instantaneous rectification which
appeared as a small curvature in the instantaneous I-V plots in many cells (see
Figs. 3 C, 4 C, 6C and 11 C), assuming that the individual channels involved also show
inward rectification. The fact that raising the external K concentration markedly
enhanced the instantaneous rectification in all tested cells (see Fig. 7) strengthens this
hypothesis. Finally, only small (less than 03 nA) and inconsistent variations in the
holding current were seen under Cs.

Effect ofBa. Ba is a cation known to block the K-dependent anomalous rectification
(Constanti & Galvan, 1983; see also ref. in Hagiwara, 1983), whereas it does not affect
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Fig. 4. Effects of Ba on the inward rectification of a Purkinje cell under voltage clamp. A,
control responses to various current pulses in standard solution. B, idem as in A after
replacement of Ca by Ba in the bath. C, current-voltage relationship in standard solution
(Con.) and under Ba. Same symbols as in Fig. 3. Note that the 'on' relaxation was not
affected by Ba, except near rest where it was markedly reduced.

Ih, IQ and 4h-lf-lk2 (Brown & Di Francesco, 1980; Di Francesco, 1981a, b, 1982;
Halliwell & Adams, 1982; Mayer & Westbrook, 1983). In voltage-clamp experiments
(n = 6), the inward rectification at hyperpolarized levels of membrane potential was
not affected by replacing Ca by Ba in the bath, except near rest (up to -85 mV) where
it was consistently attenuated (Fig. 4). With the exception of this effect of Ba near
rest which will be interpreted later on (see Discussion), the present results are
consistent with the interpretation that the inward rectification of Purkinje cells is
mainly due to Ih.

Effect of Ca-channel blockers. Preliminary current-clamp experiments on the ionic
basis of rebounds of depolarization showed that the inward rectification of Purkinje
cells was reduced near rest by Ca-channel blockers (Crepel & Penit-Soria, 1984). This
was investigated further in the present experiments.

In current-clamp experiments, replacement ofCa by 1 mM-Cd in the bath markedly
decreased or even suppressed the inward rectification of Purkinje cells (n = 7) near
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Fig. 5. Effects of Cd on the inward rectification of a Purkinje cell under current clamp.
A, control responses to various current pulses in standard solution, B, idem as in A in a
Ca-free solution containing 1 mM-Cd. Note that both the slow depolarization induced by
depolarizing currents and the rebounds of depolarization following hyperpolarization of
the cell were still present under Cd. C, current-voltage relationship in standard solution
(Con.) and under Cd. Note that Cd abolished the inward rectification of this cell near resting
potential in the hyperpolarizing direction. Same symbols as in Fig. 1.

resting potential, and up to about -85 mV. At more negative membrane potentials,
the inward rectification was much less attenuated (Fig. 5).
The effects of Co and D600 on Ihwere studied in twenty voltage-clamped cells. As

for Cd, replacement of Ca by Co in the bath markedly decreased or suppressed 'h for
hyperpolarizing jumps from -65 mV to -75, -85 mV depending on cells (n = 12),
without significantly affecting the values of the holding currents. At more hyper-
polarized levels of membrane potential, the rectification was left unaffected (Fig. 6).
Very similar results were obtained by adding 5 x 10-5 M-D600 to the standard Ringer
(not illustrated). Finally, Ca-channel blockers often increased the membrane resis-
tance of the cells, as revealed for instance by the increase of the slopes of the I-V
plots in current-clamp experiments (Fig. 5). From these experiments, it is therefore
very likely that, near resting potential, 'h is contaminated by a Ca-dependent current.
Because this current was also blocked by Cs (see before), K ions are likely to be its main
charge carrier, suggesting that it might correspond to a Ca-dependent K current
('K Ca) (see Discussion).

In other types of excitable cells, one knows that 'h' like IQ and 'h-If-k2 is due to
a mixed K and Na current (Attwell & Wilson, 1980; Di Francesco & Ojeda, 1980;
Halliwell & Adams, 1982; Mayer & Westbrook, 1983; Bader & Bertrand, 1984). So,
we studied the effect of varying the external K and Na concentration on the inward
rectification of Purkinje cells.

Effect of external K concentration. The effect of raising the external K concentration
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Fig. 6. Effect of Co on the inward relaxation of a Purkinje cell under voltage clamp. A,
'on' and 'off' relaxations and corresponding voltage commands in standard solution.
Holding potential: -65 mV. B, idem as in A in a Ca-free medium containing 2-5 mM-Co.
Ten sweeps averaged for each trace in A and B. C, instantaneous and steady-state I-V
plots in standard Ringer (Con.) and under Co. Same symbols as in Fig. 3. Note that Co
almost completely abolished the 'on' relaxation near the holding potential of -65 mV
whereas it left it rather unaffected for larger hyperpolarizing jumps.

up to 20 mm was studied in three cells in the current-clamp mode and in three other
voltage-clamped neurones.

In all these cells, this led to a pronounced increase of Ih (Fig. 7A and B) and to
an increase in the curvature of the instantaneous I-V curves (Fig. 7 C). These results
fit well with the known properties of Ih in other neurones, since raising the external
K concentration up to 20 mm shifted the equilibrium potential forK (Ek) from about
-82 mV in standard Ringer to about -40 mV in the high-K solution, if we assume
an internal K concentration in Purkinje cells of 130 mM.
The 'off' relaxations were also markedly enhanced in the high-K solution (Fig. 7 B).
Effect of external Na concentration. In preliminary current-clamp experiments, we

could not detect any change in the rectifying properties of Purkinje cells at
hyperpolarized levels of membrane potential when Na was replaced by choline in the
bath (Crepel & Penit-Soria, 1984). Because in Purkinje cells Ih is likely to be
contaminated by a Ca-dependent current near rest, the present experiments were
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Fig. 7. Effects of external K on rectifying properties of Purkinje cells under current clamp
(A) and voltage clamp (B, C). Al, control responses (Con.) to depolarizing and hyper-
polarizing currents in standard Ringer. Specimen records in A2 were taken from the same
cell as in Al after increasing the concentration of K in the bath to 20 mm. B, idem as in
Al, 2 respectively, in another cell under voltage clamp. C, instantaneous and steady-state
I-V plots ofthe 'on' relaxation in standard Ringer (Con.) and under 20 mM-K in the bath,
for the cell illustrated in B. Same symbols as in Fig. 3.

performed in a Ca-free solution containing 2-5 mM-Co to avoid this complication, and
TTX was also added to the bath to allow the analysis of tail currents uncontaminated
by the currents responsible for the anodal breaks.

In a first set of experiments, we compared the amplitudes of the 'on' and 'off'
relaxations in media with and without Na. In three of the four cells studied, the 'on'
and 'off' relaxations induced by rectangular hyperpolarizing jumps from the holding
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Fig. 8. Effects of external Na on the inward rectification of a Purkinje cell under voltage
clamp. Al, 'on' and 'off' relaxations and corresponding voltage commands in a Ca-free
medium containing 2-5 mM-Co and 5 x 10-6 mM-TTX. Holding potential: -65 mV. A2,
idem as in A I when Na was replaced by choline in the bath. Ten sweeps averaged for each
trace in Al, 2. B, current-voltage relationships of the 'on' relaxations in media with (filled
circles and continuous line) and without Na (open circles and dotted line). Current values
represent I (VHN-V), i.e. the difference between the instantaneous and the steady-state
currents. Full explanations in the text. Note the absence of any inward relaxation near
rest, due to the presence of Co in the bath, and also note the absence of effect of external
Na concentration on the 'on' relaxation.

potential VH (-65 mV) to various potentials V, were monotonic (see Fig. 9), which
allowed us to extrapolate them back to their times of onset to obtain their amplitude,
I (VH - V) and I ( Va- VH) respectively. In these three cells, only minor changes, if
any, were seen in the amplitude of the time-dependent inward current, I (VH -*V),
at any potential tested when Na was replaced by choline in the bath (Figs. 8 and 9),
thus in agreement with previous current-clamp experiments (Crepel & Penit-Soria,
1984). Furthermore, the time constants of the inward relaxations were unchanged
or were only slightly modified in the Na-free medium (Fig. 9). However, the amplitude
of tail currents, I (V-at VH), was reduced whereas their time constant was increased
in the absence of Na ions as illustrated in Figs. 8 and 9. The latter effects were
observed for hyperpolarizing jumps up to about -100 mV in the three cells.

In a second set of experiments, we attempted to compare the reversal potential
of Ih in TTX plus Co perfusing solutions with and without Na. This was done first
by the use of the indirect method previously described by Chesnoy-Marchais (1983)
since it is only required to determine the ratio I (VH -- V)/I (V-o VH) for a series of
rectangular hyperpolarizing jumps, the reversal potential being the potential at which
this ratio changes its sign. In two of the three cells studied, this ratio well fitted a
linear function of V (Fig. 10C), which allowed us to measure the reversal potential
in medium with and without Na by linear extrapolation.
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Fig. 9. Effect of external Na on the current tail relaxations of Ih in a Purkinje cell. Al,
example of the current relaxations (upper trace) induced by the voltage jump shown in
the lower trace in a Ca-free medium containing 2-5 mM-Co and 5 x 10-6 M-TTX. Holding
potential: -65 mV; A2, idem as in AI when Na was replaced by choline in the bath. Ten
sweeps were averaged in each case. BI, 2, semilog plots of the 'on' relaxations (filled circles
and continuous lines) and of the current tail relaxations (open circles and dotted lines)
beyond capacity transients for the records shown in AI and 2 respectively. The time scale
represents 250 ms and 150 ms for the plots of the 'on' relaxations and of the tail currents
respectively. Data points for the 'on' relaxation were calculated as in Fig. 2. Each point
of the tail current curves represents the difference between the current at any given time
after the end of the voltage jump and the steady-state current corresponding to the holding
potential. The straight lines were obtained by applying the least square criterion to the
data points. Their intercept with zero time gives the amplitude of the 'on' relaxations
I (VH--.V), and of the tail currents, I (V-*VH) in the media with and without Na
respectively. Full explanation in the text. Note that I (VH--.V) was not modified when
Na was replaced by choline in the bath whereas I (V-.VH) was clearly reduced.

In both cases, the reversal potential shifted from -52 mV and from -56 mV in
the TTX plus Co control solution to -60 mV and -63 mV respectively in the Na-free
medium (Fig. tOC). In the remaining cell, the ratio did not fit a linear function of
V, probably because the current rectified in this range of potentials.
However, because we could not preclude that the current also rectified above

-80 mV in the two cells where an estimate ofthe reversal potential of 1h was achieved
by this indirect method (see above), we also attempted to measure it directly by
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Fig. 10. Effect of external Na on 'h current reversal. At, 2, inward relaxation and tail
currents (upper traces) induced in a Purkinje cell by applying a constant voltage jump
from a holding potential of -60 mV to -100 mV and stepping back the membrane
potential to various levels (lower traces) in a superfusing medium with and without Na
respectively. In both cases, the solution contained 5 x 10-6 M-TTX and Ca was replaced
by 2-5 mM-Co. The reversal potential (Erev) of Ih shifted from -48 mV in the control
solution (AI) to near -60 mV in the Na-free medium. B, same experiment as in AI in
another cell. In this case Erev was about -50 mV. Ten sweeps were averaged for each
trace in Al, 2 and B. C, plots of the ratio I (VH-* V)/ I ( V- VH) (see Fig. 9 and explanations
in the text) in the same Purkinje cell as in Fig. 9. The holding potential VH was -65 mV.
The curve with filled circles and continuous line was obtained in the control (Co plus TTX)
solution whereas the curve with open circles and dotted line was obtained after
replacement of Na by choline chloride in the bath. The straight lines were obtained by
the least square criterion. Their intercept with the abscissa gives the approximate value
of Erev in the two media. Note that Erev was shifted in the negative direction in the Na-free
solution.
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setting the membrane potential at various levels following a constant hyperpolarizing
jump from VH = -60 mV. In the control (TTX plus Co) medium (n = 4), the Ih
current tail relaxations reversed between -45 and -52 mV, depending on cells
(Fig. lOAI and B), thus in agreement with results obtained by the indirect method.
Unfortunately, in the Na-free medium, marked changes occurred in the behaviour
of the cells when they were depolarized. In current-clamp experiments, these changes
consisted of the occurrence of prolonged plateaux of depolarization, 50-60 mV in
amplitude and up to several seconds in duration (not illustrated), thus resembling
the prolonged action potentials recorded under Ba in Purkinje cells (Llinas &
Sugimori, 1980 a, b; Crepel et al. 1984). In voltage-clamp experiments these depolariz-
ations also occurred and they invariably unclamped the neurones. This in turn led to
oscillations of the clamp which damaged the cells. Since similar results were obtained
in Na-free solution where choline was replaced by Tris-HCl, they do not seem to be
solely due to a blockade of outward K currents by choline which would unmask
residual regenerative Ca currents unblocked by Co, as already described in the case
of crustacean muscle fibres (Fatt & Katz, 1953). Whatever the cause of these
depolarizing events was, it rendered the analysis of the effect of external Na on the
reversal potential of Ih by the post pulse method rather difficult, so that only two
cells could be successfully studied in the Na-free medium. In these two experiments,
the reversal potential ofIh was shifted from -50 and -45 mV in the control medium
to -60 and -54 mV in the Na-free solution (Fig. IOA 1 and A2), i.e. here again in
agreement with results obtained by the indirect method.

It seems very likely, therefore, that Na is one of the charge carriers of Ih, although
its contribution is certainly small, given the lack of effect of Na substitution by
choline on the 'on' relaxation and given the rather small shift ofthe reversal potential
of Ih observed in these conditions.

Effect of Cl ions. In Aplysia neurones, Chesnoy-Marchais (1983) has recently
described a Cl conductance activated by hyperpolarization of the cells. A possible
contribution of such a current in the rectifying properties of Purkinje cells was
therefore examined. In seven voltage-clamped cells, there was no change in the
magnitude and the kinetics of Ih when the Cl concentration in the bath was reduced
to 30 mm by substituting 186 mM-mannitol to 75 % of the NaCl of the Ringer
(Fig. 11). In three other experiments performed in a normal bathing medium, there
was also no change in the inward rectification of the cells after injecting Cl ions into
the neurones during 6 min, by a steady negative current of 2-5 nA (not illustrated).
Finally, in current- as in voltage-clamp experiments, there was no systematic change
in the amplitude and kinetics of the inward rectification over time, despite the
probable leakage of Cl ions from the KCl filled micro-electrodes. From these data,
an important contribution of a voltage-dependent Cl conductance to Ih appears
unlikely.

Ionic basis of anodal breaks
In most cells recorded in standard Ringer in the current-clamp mode, hyper-

polarizing responses induced by negative current pulses were followed by clear-cut
rebounds of depolarization up to 15 mV in amplitude and up to 250 ms in duration.
These rebounds of depolarization were markedly enhanced when Ca was replaced by
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Fig. I11. Effects ofexternal C1 ion on the inward relaxation of a Purkinje cell under voltage
clamp. A, ' on ' and ' off'relaxations and corresponding voltage commands in control (Con.)
solution. Holding potential: -65 mV. B. same as in A in low-Cl bathing medium. Note
that both the amplitude and the kinetics of the 'on' relaxation were left unaffected by
lowering the Cl concentration in the bath. C, instantaneous and steady-state I-V curves
in standard Ringer (Con.) and in the low-Cl solution.

Ba in the bath (Fig. 12A 1, 2). In contrast they were only slightly attenuated or even
not affected depending on cells (n = 6), by the replacement of Ca by 1 mM-Cd in the
superfusing medium (Fig. 12B 1, 2). Similarly, they were only slightly attenuated
(Fig. 12C1, 2) when 5 x 10-6 M-TTX was added to the standard Ringer (four
experiments). However, they were markedly attenuated or even completely abolished
in a Ca-free solution containing 1 mM-Cd plus 5 x 10-6 M-TTX (Fig. 12C3). These
anodal breaks appear therefore to be due, at least in part, to both Na and low
threshold Ca currents de-inactivated by previous hyperpolarization of the cells (see
Discussion) although a contribution of tail currents of Ih to these anodal breaks
appears also probable and might explain why they were not always completely
abolished under TTX and C-d. The fact that Ca-channel blockers or TTX, alone had
only a slight depressant effect on these anodal breaks is certainly due to the fact that,
in these regions of membrane potential, current-voltage relationships are highly
non-linear (see earlier). Finally, in these current-clamp experiments, the inward
rectification of Purkinje cells was clearly increased under Ba (Fig. 12A), in contrast
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Fig. 12. Rebounds ofdepolarization following hyperpolarizing commands in Purkinje cells.
Current-clamp experiments. Al, control responses of a Purkinje cell to various current
pulses in standard solution. A2, idem as in AI after replacement of Ca by Ba in the bath.
Note that both the inward rectification induced by hyperpolarizing currents and rebounds
of depolarization were enhanced by Ba. Bi, response of another Purkinje cell to a
hyperpolarizing current pulse of 1t7 nA. B2, response of the same cell as in Bi to the same
current pulse in a Ca-free medium containing 1 mM-Cd. Cl, idem as in Bi in another cell.
C2, response of the same cell as in C1 to the same current pulse in a standard Ringer
containing 5 x 10-6 M-TTX. C3, idem as in Cl, C2 in a Ca-free medium containing
5 x 10-6 M-TTX + 1 mM-Cd.

with results obtained under voltage clamp. One interpretation of this difference is
that, in current clamp the activation of 'h by hyperpolarization of the cells leads to
a depolarization appearing as a sag in the voltage records. This depolarization
occurring below the resting potential might be sufficient to activate the low threshold
Ca current, thus giving rise to an increase ofthe sags, especially under Ba which passes
more easily than Ca through Ca channels (ref. in Hagiwara, 1983).

DISCUSSION

Two separate sections will be considered in the following discussion, namely the
nature and properties of the inward rectification and the nature of anodal breaks
following hyperpolarizing commands.

Nature and properties of the inward rectification
As for all the other inward rectifiers studied so far (Gay & Stanfield, 1977; Attwell

& Wilson, 1980; Di Francesco, 1981 a, b, 1982; Halliwell & Adams, 1982; Constanti
& Galvan, 1983; Hagiwara, 1983; Mayer & Westbrook, 1983; Bader & Bertrand,
1984), the inward rectification of Purkinje cells below resting potential was readily
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blocked by Cs. However, it was clearly different from the classical anomalous rectifier
of marine fish eggs and striated muscles (Hagiwara et al. 1976; Gay & Stanfield, 1977)
since it was not blocked by Ba. In this respect, the inward rectification of Purkinje
cells is very similar to IQ, Ih and 'h-'f-'k2 (Brown & Di Francesco, 1980; Di Francesco
& Ojeda, 1980; Halliwell & Adams, 1982, Mayer & Westbrook, 1983).
As for the latter currents, K and Na ions are also likely to be the main charge

carriers of Ih, at least when this current was not contaminated by the Ca dependent
component operating near rest (see below). However, if there is little doubt that K
is one of the charge carriers of Ih, the participation of Na to this current deserves
further comment. First, this participation is suggested by the value of the reversal
potential of Ih under TTX plus Cd which, like IQ (Halliwell & Adams, 1982), ranged
between -45 and -56 mV, thus precluding that Ih might be a pure K current. The
fact that this reversal potential was about 15 mV more negative than that measured
for Ih in rods (Bader & Bertrand, 1984) might result from a possible contamination
of tail currents by a transient outward current (Adams, 1982) in the present
experiments since they were not done under tetraethylammonium. Secondly, this
participation of Na to Ih is suggested by the shift in the negative direction of the
reversal potential of 'h in media without Na. One might argue that these experiments
were only done successfully in a very few number of cells and that the shift was small
(no more than 10 mV) which might raise some doubt on their significance. However,
this shift was observed by the use of two different methods, and its amplitude was
very similar to that observed for IQ in the same conditions (Halliwell & Adams, 1982).
Finally, the participation of Na to Ih is also suggested by the decrease in the
amplitude and the change in the kinetics of tail currents in Na-free medium. However,
the participation of Na to Ih is likely to be small, given that the 'on' relaxation of
the current was unaffected by replacing Na by choline in the bath and that the shift
in the reversal potential of Ih was rather small in these conditions.
The blocking effect of Ca-channel blockers on the inward rectification of Purkinje

cells near rest was puzzling. First, the Ca component of Ih might represent a low
threshold Ca conductance (Llinas & Yarom, 1981 a, b) which would be de-inactivated
by cell hyperpolarization (Llinas & Yarom, 1981 a, b; Carbone & Lux, 1984a, b;
Jahnsen & Llinas, 1984a, b; Bossu, Feltz & Thomann, 1985). Indeed, Ca-channel
blockers strongly reduced Ih between -65 and -90 mV, i.e. values of membrane
potential at which the low threshold Ca conductance is already operating in other
cells. However, in these neurones, this conductance, once de-inactivated, has to be
activated by cell depolarization, which was not the case here. Furthermore, the initial
part of the rectification was also blocked by the K-channel blocker, Cs, which makes
this hypothesis still more unlikely.

Secondly, the blocking action of Ca-channel blockers on the inward rectification
near resting potential might be due to the suppression of aIK-ca (Meech, 1974) already
present at rest, as in some parasympathetic myenteric neurones (Grafe, Mayer &
Wood, 1980), although in other cells IK-ca is usually observed at less negative
membrane potentials (Marty, 1981; Pallota, Magleby & Barnett, 1981; Hermann &
Hartung, 1983). This interpretation would well explain why this component of the
rectification was also blocked by Cs and increased when K concentration was raised
in the bath (see Fig. 7). Accordingly, the sequence of events would be as follows. If
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we assume that a fraction of the Ca channels responsible for the low threshold Ca
conductance present in Purkinje cells (see below) are open at rest, these channels
might be closed (and de-inactivated) by hyperpolarizing voltage jumps, thereby
decreasing IK-ca. Because the depressant effects of the Ca-channel blockers on the
inward rectification mainly occurred above EK (see Results), i.e. in a voltage span

where K+ currents are still outward, this decrease OfIK-ca would appear as an inward
relaxation, as it indeed did. This interpretation is rendered even more attractive by
the fact that under voltage clamp, Ba nearly had the same effect as the Ca-channel
blockers on the inward rectification of Purkinje cells, i.e. it decreased the inward
relaxation near rest. One knows that Ba does not activateIK-ca (Meech, 1978), and
this would therefore explain why it suppressed this part of the rectification.
To sum up, the observed effects of K+ concentration, of Cs, of Ca-channel blockers

and of Ba on the inward rectification of Purkinje cell near rest fit well with known
properties ofIK-ca whereas they cannot be easily explained on the basis of a

participation of other currents at this rectification. This is true not only for the low
threshold Ca conductance mentioned before, but also for the M current (Brown &
Adams, 1980) which is not known to be affected by Ca-channel blockers and by
external application of Cs (Halliwell & Adams, 1982). In keeping with a participation
ofIK-ca to the inward rectification of Purkinje cells near rest, one might expect that
either Ca-channel blockers or Cs induce an inward shift in the holding current. This
was not observed (see Results) probably because these substances also increased
the membrane resistance of the cell, which by itself, had an opposite effect on the hold-
ing current. Furthermore, according to our interpretation (see above), Ca-channel
blockers are likely to abolish both a steady inward Ca current and the outward ca
near rest, which makes the resulting shift in the holding current difficult to predict.
Further investigation will be necessary to identify more accurately thisIK-Ca and in
particular its sensitivity to tetraethylammonium and apamin since these two agents
have differential effects on already well describedIK-ca in other cells (Moolenar &
Spector, 1979; Romey & Lazdunski, 1984; Pennefather, Lancaster, Adams & Nicoll,
1985).

Finally, a contribution of aCl conductance toIh such as that described in Aplysia
neurones (Chesnoy-Marchais, 1983) appears unlikely since, in marked contrast to this
current,Ih was blocked by Cs whereas its magnitude and kinetics were unchanged
in lowCl solution. The lack of effect onIh of injectingCl ions into the cells also fits
with this conclusion, although the injecting current markedly hyperpolarized the
cells, which might have led to a redistribution ofCl ions across the membrane, thus
leaving the internalCl concentration at rather low levels (Chesnoy-Marchais, 1983).
However, this objection cannot hold when considering the absence of effect onIh of
the probable leakage ofCl ions from the micro-electrodes (see Results).
On the whole, the present study strongly suggests that the inward rectification of

Purkinje cells is due to the turningoffofIK ca near rest, and due to the turning on

ofIh at more negative values of membrane potential. Both these currents contribute
to buffer cell hyperpolarization and thereby are certainly partly responsible for the
rather low resting potential of Purkinje cells, which in turn allows these neurones to
have a sustained spontaneous firing.
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Anodal breaks
The rebounds of depolarization following hyperpolarizing commands are likely to

be due at least in part to Na and Ca currents which are partly inactivated at resting
potential and de-inactivated by previous hyperpolarization of the cells (see Results).
Furthermore, these currents seem to inactivate rather rapidly near resting potential
since in voltage-clamp experiments the inward tail currents following hyperpolarizing
commands which remained after complete blockade of Ih by Cs (see Fig. 3) decayed
completely over a period of time which never exceeded 200-300 ms. Similarly, in
current-clamp experiments, the duration ofthe anodal break ranged between 150 and
250 ms, and this even under Ba, i.e. when IK-Ca is not activated (Meech, 1978) and
when the other voltage dependent K conductances are likely to be reduced (see
Schmidt & Crill, 1980). As far as Ca currents are concerned, this behaviour is typical
of the low threshold Ca conductance described in other neurones (Llinas & Yarom,
1981 a, b; Bossu et al. 1985; Carbone & Lux, 1984a, b; Jahnsen & Llinas, 1984a, b).
It seems therefore that Purkinje cells do have such a conductance. The Na and low
threshold Ca currents responsible for the anodal breaks might be the same as the
sustained Na and Ca currents previously described in Purkinje cells (Llinas &
Sugimori, 1980a, b; Crepel et al. 1984). However, the latter currents seem to
inactivate more slowly than the former and moreover, they can be elicited directly
by depolarizing commands from resting potential (Llinas & Sugimori, 1980 a, b; Crepel
et al. 1984).For these reasons, we cannot preclude that the Na and low threshold Ca
currents underlying the anodal breaks are indeed different from the previously
described slowly inactivating Na and Ca currents of Purkinje cells.
A possible role of these Na and Ca conductances might be to speed up the return

to base line following inhibitory post-synaptic potentials induced in Purkinje cells
by neighbouring interneurones. Therefore, like Ih, these currents might help to
maintain the membrane potential of Purkinje cells near firing threshold and thus
contribute, together with the other conductances described before, to give to Purkinje
cells the main attributes of pace-maker neurones.

We would like to thank Prof. Ph. Ascher for helpful comments on an earlier version of the
manuscript, and M. W. DeBono for skilful technical assistance.
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